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Ferroelectric field-effect devices based on perovskite oxide materials offer a new possibility to exploit emergent
interfacial effects such as the electrostatic modification of the transport and magnetic properties of strongly
correlated materials and to prove the magneto-electric coupling at the interface between the two different ferroic
materials. Here we report on the reversible modulation of the interfacial magnetic and magnetotransport properties
of La0.825Sr0.175MnO3 thin films induced by switching the ferroelectric polarization of a top PbZr0.2Ti0.8O3 layer.
Anisotropic magnetoresistance (AMR) measurements were performed applying a magnetic field H in a plane
perpendicular to the current density. By rotating H from the out-of-plane towards the in-plane direction, upon
the ferroelectric polarization switching, a modulation of the normalized AMR amplitude was achieved. The
dynamical electrostatic coupling at the interface of the two oxides is responsible for a reconstruction of the
Mn 3deg orbitals which in turn affects the surface magnetic anisotropy of the magneto-electric system. The
present work might have a broader impact, including in the field of multiferroic tunnel junctions, due to a better
understanding of the coupling at the interface of the two ferroic oxides where the influence of the polarization
on the magnetic degree of freedom is accomplished.
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I. INTRODUCTION
Over the past few decades, strongly correlated materials
(SCMs) have been attracting a lot of interest because of
their appealing electronic properties [1]. The discovery of
the unusually large change of the transport properties under
external magnetic field, known as colossal magnetoresis-
tance [2] (CMR), has been a milestone in material science.
The fingerprint of some SCMs [3] is the interplay between
charge, spin, lattice, and orbital ordering, which in turn leads
to a remarkable sensitivity of the system to external stimuli [4].
Since the seminal studies carried out by Jonker and van
Santen [5], one of the most studied SCMs is strontium-doped
lanthanum manganite, i.e., La1−xSrxMnO3 (LSMO). In the
LSMO, the electronic correlations emerge in a manifold of
ground states usually summarized in a complex and rich
phase diagram [6]. In particular, the interplay between the
transport and magnetic properties of LSMO, modulated by the
application of an external electric field, is of great interest to
basic physics as well as from a technological point of view.
Ferroelectric field-effect devices (FeFEDs) in thin-film form,
where the LSMO is gated by an adjacent ferroelectric oxide,
allow for the characterization of the transport and magnetic
properties of LSMO under the application of an electric field.
Tunable interfacial accumulation and depletion states can be
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realized upon ferroelectric switching, which, in turn, affect
the transport and magnetic properties of the LSMO. As a
matter of fact, it has been already shown that the transport
and magnetic properties of LSMO (x = 0.2) can be tuned by
the reversal of the ferroelectric polarization P owing to the
intimate relation between the valence state and the magnetic
moment of the manganese ions [7–9]. AMR measurements
can reveal interesting magnetic properties, and the related
microscopic mechanism is at the base of the most modern
concept of spintronics. Indeed, in AMR, the variation of the
resistivity depends on the orientation of the magnetization M
with respect to both the current density J and the crystal axes.
From the angular dependence of the AMR [10,11], information
on the spin-orbit coupling (SOC) [12] and the magneto-elastic
coupling (Jahn–Teller distortions) can be obtained. However,
up to now, reports about the possibility to electrostatically
modulate the AMR amplitude have not been presented. Here,
we report on magnetic and anisotropic magnetotransport mea-
surements in fully epitaxial PbZr0.2Ti0.8O3 (PZT)/LSMO/STO
FeFEDs with a Sr content in the LSMO of x = 0.175, which is
at the boundary between insulating and metallic phases [13].
First, we show that, upon the ferroelectric switching of the
PZT layer, the magnetic properties of the LSMO can be
favorably modulated. Then, an interfacial tetragonal-like c/a
ratio modulation of the LSMO layer, induced and triggered
by the ferroelectric switching, is proposed to account for
the observed intriguing dependence of the normalized AMR
amplitude.
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II. EXPERIMENT
LSMO/PZT heterostructures were grown onto STO and
LSAT single crystals via pulsed laser deposition (PLD), by
ablating the respective stoichiometric ceramic targets with
a KrF excimer laser (λ = 248 nm). The deposition was
performed at a substrate temperature of 600 ◦C under an O2
partial pressure of 0.2 and 0.28 mbar for the LSMO and PZT,
respectively. All the samples were gradually cooled to room
temperature in an O2 atmosphere of ∼100 mbar.
Magnetization measurements were carried out in a mag-
netic property measurement system (MPMS-7, Quantum
Design) in dc mode with a commercial sample holder equipped
with wires to allow the in situ switching of the ferroelectric
polarization of the top PZT layer (see Fig. S3).
Magnetotransport measurements were performed by using
the physical properties measurement system (PPMS) of Quan-
tum Design using a standard sample rotator.
The two FeFEDs employed for the magnetic and transport
measurements were grown with the same LSMO (5 nm) and
PZT (170 nm) thicknesses. A few samples were grown with
30-nm-thick PZT layers.
III. RESULTS
Here we present two types of investigations carried out in
order to reveal the coupling between polarization and magnetic
order at the LSMO/PZT interface: one performing magnetiza-
tion measurements and one magnetotransport measurements,
both using special designed FeFEDs which allowed an in situ
ferroelectric switching.
Figure 1 summarizes the structural and morphological
characterization of the PZT/LSMO/STO heterostructures. In
Fig. 1(a), a high-angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) image of the
PZT/LSMO/STO system is shown, revealing the epitaxial
(a) (b)
FIG. 1. (Color online) Structural and morphological characteri-
zation of the LSMO/PZT/STO heterostructures. In panel (a), the
HAADF-STEM image shows 5-nm- and 170-nm-thick layers of
LSMO and PZT, respectively. (b) X-ray diffraction patterns (gray
lines) of a PZT/LSMO/STO unpatterned bilayer (upper curve) and
of a LSMO/STO single layer (bottom curve) with simulated fitting
curves (red curves) giving a thickness of 5 and 30 nm for the LSMO
and the PZT layer, respectively. (Inset) AFM-topography image of
the 30-nm-thick PZT.
and coherent growth of both oxide materials. Although misfit
dislocations are visible at the PZT/LSMO interface, EDX maps
taken across them show that the interface is still sharp and
that no sizable lead diffusion occurred into the underneath
LSMO layer (see Figs. S1 and S2 of the Supplementary
Information [14]). The inset of Fig. 1(b) shows an AFM image
of the PZT/LSMO/STO bilayer, which reveals a flat surface
with a root mean square (rms) roughness of 0.335 nm; the
presence of the terrace structure indicates a layer-by-layer
growth of the PZT layer, demonstrating the good optimization
of the growth parameters. Finally, Fig. 1(b) shows the θ−2θ
diffraction patterns acquired for a PZT (30 nm)/LSMO (5
nm) bilayer (upper curve), and a LSMO (5 nm) single
layer (lower curve). The red solid curves represent a fit
made in the framework of the fully dynamical diffraction
theory [15]. A good match between the measured oscillations
around the (002) STO peak and the fitting curve occurs
when the out-of-plane parameter of the LSMO layer is
chosen equal to (0.391 ± 0.001) nm. Accordingly, the unit
cell of the 5-nm-thick LSMO film can be indexed in the
pseudocubic notation with the same lattice parameter of the
STO substrate, i.e., a = 0.3905 nm. The x-ray diffraction
pattern also shows a fully c-axis oriented PZT film (c =
0.429 nm), and the observed Kiessig fringes corroborate the
TEM data, revealing the high crystalline quality of the oxide
materials.
Figure 2 shows the results obtained from the in situ P -
dependent magnetometer experiments. Accordingly, Fig. 2(a)
shows a schematic view of the FeFED that was used.
Large-area capacitors (0.64 mm2 area each) were fabricated
evaporating top Au electrodes using a shadow mask directly on
top of the PZT/LSMO/STO heterostructure. Top electrodes of
all functioning capacitors were contacted in parallel in groups
(a)
(b) (c)
FIG. 2. (Color online) (a) Schematic view of the FeFED used for
the superconducting quantum interference device measurements by
in situ ferroelectric switching. The Au/PZT/LSMO/STO capacitors
were contacted in groups of three by using simple Cu wires and silver
paste, as schematically shown in the top view (left). The switching
was performed by applying short voltage pulses and measuring
the switching current, as shown in Fig. S3 of Supplementary
Information [14]. (b) Temperature dependence of the magnetization
for both polarization states acquired in field cooling with H = 0.01 T.
(c) Calculated difference between the magnetization values obtained
in accumulation and depletion states, respectively.
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of three after an initial screening. This allowed fabrication of
a rather macroscopic sample and ferroelectric switching of
a total area of 5.76 mm2, as sketched in the cross section
of Fig. 2(a). Upon application of a 5 V pulse the PZT
polarization can be switched from pointing down [toward the
LSMO, as sketched in Fig. 2(a)] to up (away from the LSMO).
Figure 2(b) shows the magnetization measured in field cooling
(H = 10 mT) as a function of temperature for down and up
polarization states. It is worth noting that polarization pointing
down leads to a depletion state (down triangle) and polarization
pointing up leads to an accumulation state (up triangle). As
a result, a modulation of the LSMO Curie temperature TC,
from 248 to 263 K, as well as of the magnetization M upon
the ferroelectric switching, is clearly observed. Theoretical
studies, undertaken on similar complex oxide heterostructures,
confirmed that P switching, inducing an electrostatic depletion
or accumulation of carriers at the interface between the two
oxides, produces an alteration of the interfacial spin [16]
and/or orbital [17,18] configurations inherent to the interfacial
Mn ions, which in turn is capable to modulate the magnetic
properties of the system. Moreover, a similar TC modulation
by switching the LSMO layer from the depletion to the
accumulation state was previously reported [8,19], but here
it occurs at a much higher temperature. As a result, Fig. 2(c)
shows the difference between the magnitude values of M ,
as function of temperature, measured in accumulation and
depletion. This difference is positive from 270 K until 50
K where the sign reverses. At almost 230 K a maximum
magnetization modulation of 1.5 × 10−6 emu is obtained. This
corresponds to a variation of about 0.34 μB /Mn induced by P
switching.
Figure 3 summarizes the results obtained from the mag-
netotransport characterization of the LSMO/PZT system. In
this respect, the related FeFED was engineered using AlOx-
masked substrates in order to allow an in situ growth of the
LSMO and PZT oxide materials in a prepatterned Hall bar
(HB) geometry. On top of the HB channel [see Fig. 3(a)], a
Cu top electrode was evaporated and subsequently suitably
patterned by using a wet-etching procedure. The resulting
FeFED enabled in situ P switching. The standard ferroelectric
hysteresis loop of the device revealed, as expected from
high-quality PZT films [20], a saturation polarization value
of almost 100 μC/cm2 [see Fig. 3(b)]. Figure 3(c) shows the
overall resistivity modulation of the FeFED obtained upon
P reversal. Interestingly, the ratio between the resistivity
measured in depletion and accumulation turns out to be ∼1.5 at
300 K and reaches its maximum of ∼3.5 at 200 K. Moreover,
from the depletion to the accumulation state a variation of
∼20 K for the insulator-to-metal transition temperature (TIM)
is observed as well. Precisely, the latter is varied from the value
of 234 K in depletion to the value of 254 K in accumulation.
The observed variation of TIM is directly linked, through
the double-exchange (DE) mechanism, to the modulation
of the TC of LSMO [6]. As the temperature is further decreased,
the characteristic metallic behavior of LSMO vanishes for both
polarization states. For the LSMO composition used in the
present work, insulating and metallic phases are in close com-
petition, therefore phase-separation and/or localization effects
may occur, which can be at the origin of the observed upturn of
the resistivity for both polarization states at low temperatures.
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FIG. 3. (Color online) (a) Schematic view of the FeFED used for
magnetotransport measurements along with the geometry used to
measure the quantities ρout⊥ (T ) and ρ in⊥ (T ), respectively. (b) P-E loop
of the ferroelectric gate of the investigated FeFED measured in the
Cu/PZT/LSMO geometry showing low imprint and stable remanent
polarization states. (c) Temperature dependence of the resistivity of
the same LSMO layer for both PZT polarization states. The inset
shows the charge density modulation achieved upon the P reversal.
(d) Magnetoresistance of the LSMO layer acquired with μ0H =
5 T oriented perpendicular (green) and parallel (blue) to the FeFED
(current) plane for both polarization directions.
Charge density obtained from Hall resistance measurements
versus H at several temperatures (not shown here) show a clear
modulation of almost one order of magnitude upon reversal of
the PZT polarization, demonstrating that the ferroelectric field
effect is a genuine electronically driven effect. Figure 3(d)
shows the temperature dependence of the magnetoresis-
tance (MR) curves (i.e., MRout(in) = [ρout(in)⊥ (T )−ρH=0]/ρH=0;
where ρH=0 is the resistivity measured in zero magnetic
field), for both accumulation and depletion states, obtained
by keeping the H and J vectors always perpendicular to
each other. For the MR measurements the amplitude of the
magnetic field was chosen to be equal to 5 T. Accordingly, as
sketched in Fig. 3(a), ρout⊥ (T ) and ρ in⊥ (T ) indicate the resistance
measured with H oriented out of plane and in plane with
respect to the FeFED plane, respectively. The magnitude of
MRout (MRin) decreases by polarization switching, driving the
LSMO from the depletion to the accumulation state, similar
to chemical-doping experiments [21]. Moreover, the distinct
difference obtained between MRout and MRin, for both states,
indicates an anisotropy of the MRout (MRin). Precisely, it is
seen that the MR magnitude decreases remarkably when H is
oriented perpendicular to the current (FeFED) plane. In this
case, the FeFED normal direction (c axis) represents the hard
axis for the field-dependent MRout (MRin) measurements. This
small but distinct variation of the MR curves by orienting H
from the in-plane towards the out-of-plane direction motivated
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FIG. 4. (Color online) Schematic view of the H rotation with
respect to the FeFED plane.
further investigations on the AMR properties of the FeFED
channel.
In this respect, isothermal (out of plane) AMR measure-
ments were performed at several temperatures by rotating
H (⊥ J ) from the out-of-plane (θ = 0◦) towards the in-plane
(θ = 90◦) direction, as schematically shown in Fig. 4.
As a result, Fig. 5(a) shows the angular dependence of the
resistivity ρ(θ ), exhibiting a two-fold symmetry, measured at
T = 180 K with μ0H = 2 T, for both accumulation and de-
pletion states. Figure 5(b) shows the temperature dependence
of the normalized AMR amplitude, i.e., ρAMR/ρH=0, with
ρAMR being ρout⊥ − ρ in⊥ . The two curves almost overlap at high
temperatures but below TC (∼250 K), a clear splitting occurs
and, precisely, a higher value in accumulation than in depletion
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FIG. 5. (Color online) (a) Angular dependence of the resistivity
ρ(θ ), exhibiting a two-fold symmetry acquired at the temperature of
180 K applying a constant magnetic field of 2 T for both accumulation
(red curve) and depletion (black curve) states. The related raw data
were simply shifted in order to display the resistivity variation around
zero. The solid lines represent a fit made by using the cos (2φ)
dependence, φ being the angle between the device normal and the
magnetization. (b), (c) Temperature dependence of the normalized
AMR amplitude, i.e., ρAMR/ρH=0 and the anisotropy field, i.e., Ha ,
respectively. (d) Temperature dependence of Ha related to the FeFED
engineered onto a LSAT substrate.
is obtained. Remarkably, the latter intriguing electrostatically
induced modulation is only related to the out-of-plane AMR,
since in the case of the in-plane AMR no difference was
found by rotating H with respect to J [22]. Therefore, to gain
an insight into the aforementioned modulation, the measured
ρ(θ ) curves, all dominated by a uniaxial magnetic anisotropy
contribution, were successfully described through the formula
ρ = ρ0 + ρAMR cos (2φ), where φ is the angle between M
and the c axis, and ρ0 is a constant. Accordingly, the fit was
performed [see, for example, green and black solid lines in
Fig. 5(a)], by calculating φ(θ ) within the original Stoner–
Wohlfarth model [23] (magnetization rotation), considering as
magnetic hard axis (due to shape anisotropy) the c axis. As a
result, from the fitting procedure (where only the second-order
term was considered), the minimum magnetic field value nec-
essary to rotateM out of plane, i.e., the anisotropy field Ha , was
obtained. The latter can be expressed as μ0Ha = 2Ktot/Ms ,
where Ktot and Ms are the total effective uniaxial anisotropy
constant of the system and the saturated magnetization value,
respectively. It is important to show that, relative to the magne-
toresistance curves acquired as a function of the magnetic field
(see Fig. S4 of Supplementary Information [14]), at H = 2 T
the FeFED exhibits, in both depletion and accumulation states,
a decreasing trend for ρout⊥ (T ) [ρ in⊥ (T )] which proves that M
can be completely aligned out of plane and, thus, follows
the external applied magnetic field for the entire range of
temperatures investigated, as already reported in Ref. [24].
Subsequently, at the temperature of 180 K, Ha values of
(0.47 ± 0.01) and (0.66 ± 0.01) T were calculated for the
accumulation and depletion states, respectively. In this respect,
in Fig. 5(c) the calculated Ha values are shown as function of
the temperature and for both the accumulation and depletion
states. Notice that the temperature dependence of the Ha values
mimics that of the normalized AMR amplitude, and it is
observed that, in the accumulation state, a higher magnetic
field is required to rotate M out of plane than in depletion.
The aforementioned results demonstrate that the electrostatic
coupling at the LSMO/PZT interface is capable of inducing a
variation of the magnetic anisotropy field as large as 40% at
180 K. A possible explanation of this mechanism is discussed
below.
IV. DISCUSSION
The magnetic anisotropy of a system consists of shape
(magnetostatic), magnetocrystalline, magnetoelastic, and sur-
face anisotropy terms [25]. Correspondingly to the investigated
system, the present out-of-plane AMR measurements indicate
that the observed two-fold symmetry of the ρ(θ ) curves can be
mainly attributed to the shape anisotropy term (which, in the
case of thin films, favors an in-plane orientation of M). In this
framework, it emerges that Kshape = 0.5μ0M2 where Kshape
is the shape-anisotropy constant and, consequently, it follows
that Ha = Ms/2 (see Ref. [25]). As a result, the same relative
percentage variation is expected for Ha and Ms upon the
ferroelectric switching of the FeFED. However, as a matter of
fact, we measure (at 180 K) ∼30% of variation for Ha and only
∼6% for Ms , on switching from the accumulation to the deple-
tion state. Therefore, one would have to assume that another
uniaxial anisotropy contribution term should be responsible
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for the relatively large variation of the Ha values. Since the
ferroelectric field effect is mainly an interface effect [26],
the extra Ks term is expected to originate from the broken
symmetry that the Mn ions experience at the LSMO/PZT
interface, i.e., the surface magnetic anisotropy term (Ne´el
model [27]). Along this direction, the modulation of the Ha
values can be argued to be a consequence of the alteration of the
energy scale related to the eg levels of the interfacial Mn ions.
Indeed, Kyuno and coworkers in Ref. [28] gave a theoretical
prediction of the sensibility of the surface magnetic anisotropy
of Ag/Fe and Au/Fe multilayers related to the 3d band filling
of the Fe ions. Accordingly, the results obtained from the
(magneto) transport characterization of the system established
an essential proof that the ferroelectric field effect is capable
of electrostatically and reversibly modulating the valence state
of the interfacial Mn ions. Interestingly, Chen and coworkers,
by using a transmission electron microscopy technique [29],
were able to underline the dynamical modulation of the c/a
ratio related to the oxygen octahedra surrounding the Mn
ions at the LSMO (x = 0.2)/ferroelectric interface, induced by
depletion or accumulation states. Moreover, earlier reports [30]
pointed out that substrate-induced strain effects, altering the
c/a ratio of the MnO6 octahedra, drive the lowering in energy
of either the 3dz2 (i.e., compressive strain) or the 3dx2 −
y2 (tensile strain) orbitals which, subsequently, modify the
magnetic properties of the system. The latter effect has been
also recently proved by Spurgeon and coworkers studying
the charge- and strain-mediated effect on the magnetization
and, consequently, on the P -dependent 3d orbital anisotropy
occupancy of a gated LSMO (x = 0.3) layer [31]. All these
arguments need to propose a valid model that can be used
to qualitatively explain the observed modulation of the Ha
values establishing a link between the ferroelectrically induced
displacements of the interfacial Mn and O ions of the LSMO
and the Mn 3d orbital reconstruction (different overlapping
and filling). Accordingly, the model is based on the sketch
shown in Fig. S5 of Supplementary Information [14], where
at the LSMO/PZT interface the depletion (accumulation) state
increases (decreases) the c/a ratio, resulting in a preferential
out-of-plane 3dz2 (in-plane 3dx2 − y2) orbital occupancy.
By applying this model to the results shown in Fig. 5(c),
a qualitative explanation can be envisaged. Indeed, since in
depletion the interfacial MnO6 octahedra expand along the
out-of-plane direction, a preferential occupancy of the 3dz2
orbitals is obtained. Consequently, the ferromagnetic coupling
is enhanced along the out-of-plane direction [32] and the
rotation of M is facilitated. As a result, the expected Ha
values are lower than the one related to the accumulation
state where, on the other hand, the out-of-plane shrinking of
the MnO6 octahedra triggers a preferential 3dx2 − y2 orbital
occupancy which favors a more stable in-plane orientation
of M . As a result, the electrostatically induced Mn 3d
orbital reconstruction at the LSMO/PZT interface accounts
for the observed modulation of the Ha values. In this respect,
the LSMO/PZT interface was uniquely accessible since the
rotation of H in a plane perpendicular to J , from the hard
axis (out-of-plane) towards the easy plane (in-plane) direction,
allowed to study the symmetry breaking experienced by the
interfacial atoms. To further validate our model an additional
experimental way has been used. Specifically, an extrinsic
strain-induced out-of-plane elongation of the LSMO unit cell
has been obtained by engineering the FeFED onto a different
substrate. Precisely, an LSAT substrate with a lattice parameter
of 0.387 nm was used to induce an in-plane compressive
strain to the pseudocubic structure of the LSMO (structural
and transport properties are given in the Fig. S6 of the
Supplementary Information [14]). As a result, since an overall
occupancy of the out-of-plane 3dz2 orbitals is triggered,
a decrease of the Ha values, as predicted by the model
(superimposed onto the ferroelectric field-effect modulation)
is expected. Accordingly, out-of-plane AMR measurements
with H = 2 T have been undertaken, and Fig. 5(d) shows
the calculated Ha values as a function of the temperature for
both accumulation and depletion states. Notice that the Ha
values, as expected, are remarkably decreased, compared to
those obtained on the FeFED grown onto STO. Moreover,
the modulation of the Ha values between the accumulation
and depletion states is still observed, originating from the
electrostatical alteration of the interfacial Mn 3d orbital
occupancy.
In summary, we demonstrated that a ferroelectric polar-
ization is capable of significantly modulating the magnetic
and transport properties of a 5-nm-thick LSMO film upon
the reversal between its two remanent states. The overall
trends observed for the TC and TIM temperatures are well
explained in the framework of the DE mechanism. Moreover,
the capability of the ferroelectric polarization to tune the
interfacial magnetic anisotropy of LSMO ultrathin films was
demonstrated. The observed variation of the surface magnetic
anisotropy is directly linked to a feasible orbital reconstruction,
electrostatically induced, that in turn can be responsible for
a variation of the SOC at the LSMO/PZT interface. X-ray
linear dichroism (XLD) combined with x-ray magnetic circular
dichroism (XMCD) measurements, as function of the PZT
polarization directions, may elucidate the intrinsic mechanism
of the proposed interfacial spin and orbital reconstruction
inherent to the Mn ions.
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